).
oxidative metabolism. It is based on the knowledge that the metabolic processes that convert food energy into heat also require oxygen and produce carbon dioxide and that these quantities-heat production, oxygen consumption, and carbon dioxide production-are related in a predictable manner. 2, 3 Indirect calorimetry with an open-circuit ventilated hood is a relatively simple method to use. It is particularly valuable in neonatology because it allows measurement of energy expenditure of preterm infants in their usual environment: incubator or radiant warmer. In addition, indirect calorimetry provides information about substrate utilization that is not available with direct calorimetry. Errors may occur in estimations of energy expenditure by indirect calorimetry if energy expenditure and respiratory gas exchange are dissociated. This might happen, for example, if significant anaerobic metabolism occurs or if the body stores of oxygen or carbon dioxide are changing. During sufficiently long periods of measurement, however, indirect calorimetry is thought to provide an accurate estimation of whole-body energy expenditure.
We undertook the present study to examine and compare direct and indirect calorimetry as methods of estimating energy expenditure in preterm infants. A secondary aim was to examine the influence of body position on energy expenditure as measured by direct and indirect calorimetry.
Methods Direct Calorimetry
Direct calorimetry was performed with a calorimeter (Model SEC-A-2401, Thermonetics Corporation, La Jolla, CA) built for use with infants. The calorimeter operated based on the gradient-layer principle originally described by Benzinger and Kitzinger. 12 The calorimeter had a heated water jacket to allow thermal support of the infant during calorimetric measurements. The outer dimensions of the calorimeter chamber were 37.5 Â 38.5 Â 68.5 cm. The calorimeter design was based on an animal calorimeter. A well-insulated window and a small constant-power (1.48 W) lamp were added to allow better visualization of the infant subjects. Heat loss through the walls was measured by the gradient layer. Heat loss through the window, although practically negligible, was measured with a heat-flux transducer embedded in the window. Evaporative and sensible heat losses in the ventilating air were measured by specially designed psychrometers that monitored the intake and exhaust airstreams. Accurate use of a gradient-layer calorimeter is more difficult in infants than in adults because young infants, especially those born prematurely, require exogenous thermal support to avoid cold stress. Our calorimeter was heated to a temperature predicted to maintain normothermia and thermoneutrality by circulating heated water through copper tubes in the walls of the calorimeter. The water temperature was maintained by a circulating water bath with precisely controlled temperature. In addition to the two ventilation ports, there were small ports through which feeding and intravenous catheters, cardiorespiratory monitor leads, and thermistor wires for measurement of body temperatures were passed.
Thermistor probes (Yellow Springs Instruments [Yellow Springs, OH], Series 400 probes) were used to continuously monitor rectal temperature and the temperatures of the abdominal, cheek, and heel skin. Each probe had been tested with a certified mercury thermometer (U.S. National Institute of Standards and Technology, Gaithersburg, MD) and found to agree within 0.1°C throughout the range from 20 to 40°C. The rectal and skin temperatures were used to estimate mean skin temperature and to calculate heat storage, as previously described.
13
The output signals from the thermoelectric sensors in the gradient layer and window and the psychrometers were recorded continuously by a data-logging system. The direct calorimeter was calibrated using an electrically heated manikin and an incandescent light bulb.
14 In addition, both the direct and indirect calorimetry systems were tested simultaneously by the combustion of a known weight of ethanol. The psychrometers were tested by measurement of the evaporation of water from a vessel. The validation of the Iowa infant direct calorimeter has been described in detail by Meis et al.
14
Metabolic heat production (energy expenditure) was calculated as the sum of total body heat losses, as determined by direct calorimetry, and heat storage. The body heat balance equation can be expressed as:
where, M is metabolic heat production (energy expenditure), E is evaporative heat loss, R is radiant heat loss, C is convective heat loss, K is conductive heat loss, S is heat storage, 1 and W is external work (considered to be negligible for preterm infants). Indirect calorimetry measures M. Direct calorimetry measures the four components of heat loss on the right side of the equation and, by adding heat storage, produces a second estimation of metabolic heat production. Body heat storage (S) was calculated from the change in body temperatures, assuming the specific heat of the infant's body to be 0.84 kcal/kg/°C, as reported by Ryser and Jéquier 8 :
where, ΔT r is the change in rectal temperature, ΔT s is the change in mean skin temperature, and Δt is the duration of the measurement period (in hours).
Indirect Calorimetry
Attachment of the ventilation tubes to our previously described indirect calorimetry system (►Fig. 1) allowed measurement of whole-body oxygen consumption and carbon dioxide production, from which energy expenditure could be calculated as previously described. 13 Indirect calorimetry was performed using a flow-through system to measure whole-body oxygen and carbon dioxide exchange. Because the infants were enclosed in the direct calorimeter chamber, a head hood was not required for the collection of expired gas. Instead, oxygen and carbon dioxide concentrations were measured in the intake and exhaust sides of the ventilating circuit for the direct calorimeter. Oxygen concentration was measured with a paramagnetic analyzer (Servomex OA540, Taylor Instrument Co., Rochester, NY), and carbon dioxide concentration was measured with an infrared analyzer (Beckman LB2, Schiller Park, IL). The oxygen and carbon dioxide analyzers were calibrated with pure nitrogen and a gas mixture of known composition, certified to be accurate to within 1 part in 10,000. The composition of the calibration gas was verified through analysis by the Haldane procedure.
15,16
Gas flow was controlled at 3 L/min/kg and measured with an electronic flow controller and hot-wire flowmeter (Matheson 8240, Lyndhurst, NJ) after passing through a drying column. The flowmeter automatically corrects volumes to standard temperature and pressure. The flowmeter was calibrated by the timed filling of a 120-L spirometer. Flowmeter results were expressed as STPD volumes. Output signals from the gas analyzers and flowmeter were continuously recorded and averaged by an electronic data-logging system. Oxygen consumption and carbon dioxide production were calculated from the gas concentrations and flow. Metabolic heat production (energy expenditure) was calculated from oxygen consumption and carbon dioxide production. 13 The indirect calorimetry system was validated by calculating the simulated gas exchange resulting from the addition of pure nitrogen 17 or carbon dioxide at known rates. The error of the indirect calorimetry system is less than 5%.
18

Combined Direct and Indirect Calorimetry System
The combined direct and indirect calorimetry system (►Fig. 1) was tested by measurement of the oxygen consumed and the carbon dioxide, heat, and water produced during the combustion of ethanol, as previously described.
14
Infant Studies
We studied 15 healthy growing preterm infants (9 males) with mean birth weight 1.32 kg (range, 0.91-1.81 kg) and mean gestational age 29.3 weeks (range, 25-33 weeks). One infant was small for gestational age, and one was large for gestational age; the other 13 had appropriate birth weights for their gestational ages. Energy expenditure was determined by simultaneous direct and indirect calorimetry during two consecutive interfeeding intervals of 3 hours each, once in the supine position and once in the prone position, with the order determined randomly. Immediately after completion of a gavage feeding, the calorimeter was closed, and measurements were begun 60 minutes later to allow time for thermal equilibration. Measurements were continued for 90 to 120 minutes, until the next feeding. After the second feeding, the infant was placed in the other body position, and the measurements were repeated. The infants were naked except for a plastic-coated diaper, which was changed before each measurement period. For one infant, the prone measurements could not be completed. The direct and indirect calorimetric determinations of energy expenditure were compared. The sample size of 15 infants provided 95% power (with two-tailed α 0.05) to detect a difference in energy expenditure of 4.9 kcal/kg/d (7.8%) between direct and indirect calorimetry, the difference reported by Sauer et al, 10 with standard deviation σ equal to the difference, δ, between means. The impact of body position on energy expenditure was examined by comparing energy expenditure in the two positions, prone and supine; this comparison was made separately using the direct and indirect calorimetric determinations of energy expenditure. All statistical analyses were performed using the t-test for paired observations. The study was approved by the University of Iowa Biomedical Institutional Review Board, and a written informed consent was obtained from one or both parents of each subject.
Results
At the time of the study, the mean age of the infants was 23.6 days (range, 6-51 days) and the mean body weight was 1.55 kg (range, 1.21-1.74 kg).
The mean energy expenditure for all infants was 2.82 (standard deviation [SD] 0.42) kcal/kg/h by direct calorimetry and 2.78 (SD 0.48) kcal/kg/h by indirect calorimetry 
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(►Table 1), a difference of 1.7%; these values were not significantly different (p ¼ 0.570). The difference exceeded 10% of the mean of the two measurements in 10 of 29 measurement periods; in 5 of these 10, the estimate by direct calorimetry was higher (►Table 1).
The energy expenditure was 10% lower in the prone than in the supine position, whether examined by direct or indirect calorimetry. between heat production by indirect calorimetry and heat losses by direct calorimetry, but the differences were in the direction that would be accounted for by heat storage. Webb et al found that adult subjects with normal activity and diet showed close agreement between heat production by indirect calorimetry and heat loss by direct calorimetry, as expected in a setting where heat storage was negligible, as was documented in their study. 23 However, in subjects who were underfed and exercised vigorously, the heat production was larger than heat loss by direct calorimetry, by 8 to 23%. This effect could not be explained by heat storage, and the authors could find no adequate explanation for this excess of heat production over heat loss. To our knowledge, there have been only four previous studies comparing results by simultaneous direct and indirect calorimetry in infants (►Table 2).
5,7,9,10
Howland measured the heat production of two infants, ages 3 and 7 months, by simultaneous direct and indirect calorimetry and found that the estimates of heat production by these methods differed by 3% or less in all of 13 measurements. 5 Day et al reported 50 paired measurements of heat production by concurrent direct and indirect calorimetry in 25 large, healthy male preterm infants. 7 The overall means for direct and indirect calorimetry agreed closely, 70.4 versus 70.9 kcal/kg/d; however, in 17 of 50 cases, the results by direct and indirect calorimetry differed by 10% or more. The authors concluded that the experimental error was "small enough to permit conclusions about the group of infants as a whole, but … too large to warrant speculation about any one infant." Salomon et al performed simultaneous direct and indirect calorimetry in 29 term infants. 9 The relation between total heat loss by direct calorimetry and metabolic heat production by indirect calorimetry varied and these were not systematically compared, but the results by indirect calorimetry were generally higher. Sauer et al performed 54 paired measurements of total metabolic heat production by indirect calorimetry and heat loss by direct calorimetry in 14 growing preterm infants between 8 and 58 days of age. 10 The heat loss by direct calorimetry was lower than heat production by indirect calorimetry in 53 cases out of 54; the mean heat loss by direct calorimetry was 21.8 kJ/kg/d (4.9 kcal/kg/d) lower than the mean heat production (metabolic rate) by indirect calorimetry, a difference of 7.8%. This difference was statistically significant (p < 0.001). The authors attributed this difference to a portion of the energy expended for the synthesis of new tissues-the portion that is consumed in the synthetic process but not given off as heat. 10 We did not find the systematic difference between direct and indirect calorimetric results reported by Sauer et al. Our study was powered at the 95% level to find a difference of the size reported by Sauer et al; however, it is still possible that we missed such a difference with our sample of 15 infants because our patient-to-patient variance in the difference between direct and indirect calorimetry was larger than that seen in the patients of Sauer et al. It is also possible that a systematic error in direct or indirect calorimetry in the work of Sauer et al or in our own studies accounted for our discordant findings. The difference observed by Sauer et al could have resulted, for example, from failure to account for heat storage if the infants' body temperatures were rising in the calorimeter. In our own studies, we could have missed detecting a difference between direct and indirect calorimetry by excluding the first hour after feeding. We waited 1 hour to allow for steady-state measurements in the calorimeter; however, if there is a difference between direct and indirect calorimetry that depends on the time from feeding, we might have missed the period of greatest difference by waiting 1 hour after feeding to begin recording our measurements. Our study shows that for infants, in whom external work is negligible, indirect calorimetry can provide an accurate estimation of total body heat losses as measured by direct calorimetry, provided heat storage is considered. Our finding of lower energy expenditure with prone positioning compared with supine agrees with some 24, 25 but not all 26 earlier reports. The lower energy expenditure in the prone position has several possible explanations. First, in the prone position, infants tend to hold their extremities more flexed, reducing the area of surface exposed for heat loss. Second, infants are less active and spend more time sleeping when in the prone position. 24, 27 Third, the work of 
Conclusion
Our results did not demonstrate a systematic difference in the measurement of energy expenditure (metabolic heat production) by simultaneous direct and indirect calorimetry in preterm infants. Direct and indirect calorimetries were concordant in demonstrating a 10% reduction in energy expenditure when infants are nursed in the prone position rather than supine. By demonstrating equivalence to direct calorimetry, our results support the continued use of indirect calorimetry, a more practical method of assessing energy expenditure.
